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Biochars were produced from cashew nut shell at 400, 600 and 800°C. Production temperature significantly 
affected biochar properties and consequently the adsorption mechanisms of ochratoxin A. Biochars produced 
at higher temperatures had significantly higher specific surface areas, resulting in higher OTA adsorption ca-
pacities.  
 
The isotherms and kinetics of the adsorption were used to identify the adsorption mechanisms. For the kinetics 
study, experiments were carried out after adjustment of the parameters influencing the system, such as pH, 
biochar quantity and OTA initial concentration. Experimental results were modelled according to isotherm 
equations representing Langmuir model and Freundlich model. Langmuir model matched best with the experi-
mental data. The chemical surface reaction was fitted to a pseudo-second order equation, with very high re-
gression coefficients. 
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1. INTRODUCTION  
Mycotoxins are low molecular weight secondary me-
tabolites produced by filamentous fungi that have 
adverse effects at low levels on humans and animals. 
They have a significant impact on economies and 
international trade. Fungi producing mycotoxins are 
known as mycotoxigenic. Some of them are capable 
of producing more than one mycotoxin and some my-
cotoxins are produced by more than one fungal spe-
cies. [1] 
 
They appear in the feed chain because of fungal in-
fection of crops, and due to the use of mouldy grains 
and forage as components of animal feed. Fungi can 
invade and produce mycotoxins on the growing 
plants before harvesting (pre-harvest toxins) or pro-
duce toxins after harvest and during crop storage and 
transportation (postharvest toxins). In general, envi-
ronmental conditions, such as high temperatures, high 
moisture levels, and insect damage, cause stress and 
predispose plants in the field to mould growth and 
mycotoxin contamination [2]. Moreover, poor har-
vesting practices, improper drying, handling, packag-
ing, and transport conditions contribute to increase 
the risk of mycotoxin production [3]. 
 
In recent years, mycotoxin contamination of cereal 
grains and animal feeds has evoked global concern 
for potential health risk on humans and animals. So 
far, more than 300 mycotoxins have been identified 
worldwide. [4]. Ochratoxin A (OCHRA) is produced 
by several fungi of Penicillium and Aspergillus gene-
ra, primarily by P. verrucosum, A. ochraceus and A. 
carbonarius. It is a potent nephrotoxin and has been 
associated with fatal human kidney disease. This 
compound is also genotoxic and teratogenic and has 
been classified as a possible human carcinogen [5].  
 
The economic consequences of mycotoxin contami-
nation are very significant, and often crops with large 
amounts of mycotoxin have to be destroyed. The 
most susceptible crops to contamination with myco-
toxins are cereals such as wheat, maize, barley, rye 
and oat [6], [7], [8]  
 
Utilization of adsorbents in animal diets is the most 
applied way of protecting animals against the harmful 
effects of mycotoxins present in animal feed. Most 
studies related to the prevention of mycotoxicosis by 
the utilization of adsorbents are focused on alumino-
silicates, mainly zeolites (clinoptilolite) and benton-
ites (montmorillonite) [9], [10]. 
 
Different strategies, including preventive pre- and 
postharvest measures, have been developed to neu-
tralize mycotoxins in animal feed such as good agri-
cultural practices (GAP) and good storage practices 
(GSP). These actions are considered the best way of 
controlling mycotoxin contamination; however, even 
exercising of good practices might not completely 
avoid or eliminate mycotoxins in the feed chain [11]. 
Moreover, the use of physical and chemical methods 
for the detoxification of agricultural commodities 
contaminated with mycotoxins is restricted due to the 
problems associated with safety issues, possible loss-
es in nutritional quality coupled with limited efficacy 
and cost implications [12]. 
 
As mycotoxins cause serious diseases in farm ani-
mals, the EU approved the use of mycotoxin-
detoxifying agents, by including a new group of feed 
additives defined as ‘substances that can suppress or 
reduce the absorption, promote the excretion of my-
cotoxins or modify their mode of action’ [11]. At the 
same time, the EFSA reported a review of mycotoxin
-detoxifying agents used as feed additives that cov-
ered aspects such as mode of action, efficacy and 
feed/food safety. Since then, numerous studies have 
been published on the efficacy of the adsorbing 
agents [11], [13], [14], [15], [16], [17].  
 
However, most studies still focus on the efficacy of 
adsorption of a specific compound as well as to clas-
sify mycotoxin adsorbing agents (minerals, organic 
and synthetic) for feed decontamination, focusing on 
adsorbents with the ability to bind to multiple myco-
toxins, which are in great demand of animal feed pro-
ducers, but are still little studied in scientific litera-
ture.  
 
The goal of adding adsorbents to the feed of livestock 
and poultry is to alleviate harmful effects of mycotox-
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ins by preventing their passage into the animal’s 
blood and organs via complex formation between 
adsorbents and mycotoxins [18].  
 
Biochar is a carbon-rich substance produced by sub-
jecting biomass to pyrolysis (i.e., in the absence of 
oxygen) [19], playing an important role in controlling 
transport and bioavailability of organic contaminants. 
Recently, biochar has drawn substantial attention as a 
promising adsorbent and an effective means of se-
questering pesticide residues in soil [20], [21], [22] 
and thus biochar may help to reduce human risk to 
environmental pollutants [19]. However, the effec-
tiveness of biochar for sequestering pesticides from 
contaminated soil varied in many aspects, e.g., de-
pending on biochar properties, soil properties, and 
environmental factors [23]. Biochar properties can 
vary dramatically depending on both the temperature 
and biomass source used for its production, and the 
properties can substantially impact the capacity to 
absorb pesticides [24], [25].  
 
The objective of this research was to study the effect 
of production temperature on ochratoxin A adsorption 
capacity by various biochars obtained from cashew 
nut shell produced in three pyrolysis conditions. Cor-
relations between pyrolysis temperature on biochar 
properties and its OTA adsorption capacity were esti-
mated. 
 
2. MATERIALS AND METHODS 
2.1. Biomass  
The cashew nut shell is a co-product resulting from 
kernel extraction activity. It was purchased from 
"Agribusiness Mali" located in Bamako, Mali and 
conditioned in a room at 20°C and at a hygrometry of 
66 % HR for more than 72 h in order to have a homo-
geneous biomass; its moisture and elemental compo-
sition was measured before pyrolysis. Biomass 
(cashew nut shell) was pyrolyzed without prior grind-
ing. 
 
2.2. Biochar production technology 
Pyrolysis experiments were conducted in a horizontal 
fixed-bed tubular reactor (Fig. 1) in which the tem-
perature was controlled using a PID controller as de-
scribed by Bordoloi et al. (2015) [26]. Twenty g of 
biomass samples were placed into the reactor at ambi-
ent temperature. The heating rate of the reactor was 
5°C per min to rise the selected peak pyrolysis tem-
perature of 400, 600, 800°C, under constant flow rate 
of nitrogen at 30 L/min. Residence time into the reac-
tor was fixed at 1 h after reaching the peak tempera-
ture. The cooling step of biochar was done by natural 
convection. 
 
Mass yield of biochar was calculated using the fol-
lowing equation [27]: 
Mass yield (%) =  X 100  
 
Where, Wf is the mass (g) of the dry biochars and Wo 
is the mass (g) of the dry biomass. 
 
2.3. Biochar characterization 
Before any analysis and tests, the different biochars 
were ground and sieved at 200 µm. 
Moisture and ash contents analysis were done by 
heating the samples in oven air at 105°C for 24 h and 
to 710 ± 10°C for 2 h, respectively, and weighing the 
residue. 
 
Volatiles analyses were done by heating the samples 
without air to 900°C for 7 min using Nabertherm ov-
en. 
 
The total content of C, N and H were determined us-
ing a dry combustion method using Variomacrocube 
CHN analyzer. The O + S content was determined by 
subtracting the ash and C, N and H contents from the 
total mass of the sample.   
 
The pH of biochar was determined according to No-
vak et al. (2009) [28] and Cheng and Lehmann (2009) 
[29]. Two grams of biochar (ground and sieved at 200 
µm) were shaken with 40 mL distilled water for 30 
min. This suspension was allowed to stand for 10 min 
before measuring the pH with a pH electrode pH Lab 
(Mettler Toledo). 
 
The Hitachi-S4800 was used for scanning electron 
microscope (SEM) to evaluate the morphology of the 
different biochars. 
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Carbon dioxide adsorption isotherms were recorded 
on a 3FLEX Physisorption instrument 
(Micromeritics) at 273 K between 0 and 1 atm (i.e. 
relative pressure between 0 and 0.028).  The mi-
croporous specific surface areas of biochars were 
determined by applying the Langmuir model. Mi-
croporous volumes were determined at a relative 
pressure of c.a. 0.028. 
 
2.4. Ochratoxin A adsorption  
OTA adsorption onto the different biochars depended 
on biochar intrinsic properties, modalities, and con-
tact duration between biochar and OTA. In this sense, 
different conditions have been studied (pH, mass ef-
fect, pyrolysis temperature effect) and contact time 
have been considered.  
 
The three biochars produced at 400, 600 and 800°C 
were previously ground and sieved at 200 µm. The 
different conditions used are described below. Each 
test was performed in triplicate. 
 
2.4.1. Preparation of water-methanol mixture con-
taining mycotoxins 
Generally, pH plays an important role during myco-
toxins adsorption because animal feed additives first-
ly gather in stomach where the pH value is below 3.5 
and then pass through the intestine where the pH val-
ue is 6.5. pH has also an important effect on soil 
quality and crops yield. pH of the soils varied accord-
ing to the zones and range from acidic pH (5) to an 
alkaline pH (8.5). Soil pH can change the surface 
chemistry of the biochar in soil and thus affect the 
biochar adsorption capacity. Three different pH solu-
tions were tested to measure the effect of pH on the 
adsorption of OTA by biochars.  
 
To get an acidic pH, the pH of the water was de-
creased to 4.15 by using 1 M HCl solution. To get a 
basic pH, pH of water was increased to 9.05 by using 
1 M NaOH solution. 
 
A 50/50 water-methanol solution (w/w) was prepared 
to solubilize OTA standard until to obtain a concen-
tration of 38ng/mL. The OTA standard was pur-
chased from R-Biopharm France. 
 
2.4.2 Effect of biochar production temperature on 
OTA adsorption 
The pyrolysis temperature is an important parameter 
that plays on biochars physicochemical properties. 
Biochar production temperature effect on OTA ad-
sorption was carried out by stirring 1000 mg of each 
biochar (400, 600 and 800°C) with 5 mL of the 
water/methanol solution (w/w) containing  OTA at 38 
ng / mL in a 50 mL falcon tube . The whole solution 
was stirred at 500 vibrations per min for 45 min. 
After, 2 mL of each filtrate was collected and filtered 
with a syringe and then analyzed by HPLC to deter-
mine OTA residual concentrations. 
 
2.4.3. Study of biochar mass effect on OTA adsorp-
tion 
The tests were carried out by stirring 5 mL of the wa-
ter-methanol solution (w/w) containing OTA at 38 
ng / mL, with different masses (25, 100,175, 250, 500 
and 1000 mg) of the three different biochars  in a 50 
mL falcon, under constant stirring of 500 vibrations / 
min, for 45 min at pH 6.54.  After 2 mL of each fil-
trate was collected and filtered with a syringe and 
then analyzed by HPLC to determine OTA residual 
concentrations. 
 
2.4.4. Study of pH effect on OTA adsorption 
The pH of the water-methanol solution containing 
OTA at 38 ng / mL was adjusted to 4.15, 6.54 and 
9.05 by using solutions of 1 M HCl or NaOH. 
250 mg of each biochar was added in 5 mL water-
methanol solution (w/w) containing 38 ng / mL OTA 
at pH 4.15, 6.54 and 9.54 in a 50 mL falcon, under 
constant agitation of 500 vibrations / min, for 45 min, 
then 2 mL of each filtrate was collected and  filtered 
for HPLC analysis. 
 
2.4.5. Study of contact-time effect on OTA adsorp-
tion  
The contact-time effect on OTA adsorption by the 
different biochars tests were carried out by adding 
250 mg of each biochar (400, 600 and 800°C.) in 5 
mL of water-methanol solution (w/w) containing 
OTA at 38 ng / mL at pH 6.54 with constant stirring 
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of 500 vibrations / min during 45 min. Samples were 
taken at different intervals time and final OTA con-
centration was determined by HPLC after filtration. 
 
2.4.6. Study of OTA concentration effect on bio-
chars 
In order to build a sorption isotherm for each biochar, 
250 mg of biochar was added to 5 mL water-
methanol solution (w/w) containing different OTA 
concentrations (25, 35, 55, 75 and 100 ng/ mL) at pH 
6.54 under constant stirring of 500 vibrations / min 
during 45 min. Samples were taken at different inter-
vals time and after filtration the final OTA concentra-
tion was determined by HPLC. 
 
Pseudo first order, pseudo second order are two of the 
most commonly used kinetics models to reveal the 
time-dependence of adsorption [30]. They were used 
to simulate the kinetics data: 
qt = qe (1-e
-k1t)           (1) 
qt = (k2 qe
2t ) / (1 + k2qet)        (2) 
 
Where k1 (min
−1) is the constant rate of pseudo first 
order adsorption, k2 (g/mg/min) is the pseudo second 
order constant rate. 
In Eq. (2), qe (mg/g) is the equilibrium adsorption 
capacity, and qt (mg/g) in each equation is the ad-
sorbed ochratoxin A at time t. 
 
The equations were linearized to facilitate constants 
determination and the application results of these dif-
ferent models allowed us to identify the main step 
that leads OTA global adsorption mechanism of the 
different biochars. 
 
2.5 Ochratoxin A analysis 
OTA was quantified by HPLC using a fluorescence 
detector (Shimadzu RF 20A, Japan) [31]. The operat-
ing conditions were as follows: injection volume of 
100 µL; C18 reverse-phase HPLC column, Upti-
sphere type, ODS, 5 µm particle size, 5 ODB, 250 x 
4.6 mm, with identical pre-column, thermostatically 
controlled at 35°C; isocratic flow rate of 1 mL/min 
(mobile phase: methanol/water/acetic acid, 69/30/1); 
excitation wavelength of 333 nm and emission wave-
length of 460 nm. The contents were calculated from 
a calibration curve established from an OTA standard 
(1 µg/mL; ref PD 226 R. Biopharm Rhône Ltd, Glas-
gow, UK).  
 
3. RESULTS AND DISCUSSION  
3.1. Biochar characterization 
The moisture content of the cashew nut shell after 
stabilization in climatic room was 5.35% at 20°C and 
the standard deviation was 0.28. Its Carbon, Hydro-
gen and Nitrogen contents were respectively 50.04, 
3.89, and 0.42%. 
 
As shown in Table 1, biochar yield decreased logical-
ly with increasing pyrolysis temperature. It may be 
due to the conversion of compounds such as cellu-
lose, hemicellulose and lignin into carboneous prod-
ucts, water and CO2.  
 
Biochar yield decreased from 25.02 % for the biochar 
produced at 400°C to 21.54 % for the biochar pro-
duced at 800°C (Table 1).  
 
Ash content increased with the increase of tempera-
tures from 8.85% at 400°C to 12.65% at 800°C 
(Table 1). This was due to the increase in the relative 
abundance of the minerals that were stable during 
carbonization [32]. 
 
The results of the proximate, ultimate analyses of the 
biochars are summarized in Table 1. They revealed 
that carbon content increased with pyrolysis tempera-
ture. The biochar produced at 800°C had a highest 
carbon content of 87.42% and Biochar produced at 
400°C had the lowest carbon content (70.04%). 
 
In contrast to carbon content, the volatile matters log-
ically decreased with increasing pyrolysis tempera-
tures from 400 to 800°C. Recovered volatiles were 
highest with 21.90% in biochar produced at 400°C 
and 10.22% for biochar produced at 800°C. 
Biochar solution pH varied from pH 10.61 (400°C) to 
pH 9.81 (800°C). Our biochars were thus strongly 
alkaline. Previous literature reported biochar pH val-
ues (without further processing of biochars) between 
pH 4 and pH 12, with typical values being above pH 
7. Zhao et al. (2013) found biochar pH levels between 
8.8 and 10.8, depending of biomass feedstock type.  
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Fig.1. Scanning electron microscopy (SEM) images 
of biochars prepared from cashew nut shell at differ-
ent magnification 
(a)Raw cashew nut shell; (b) Biochar 400°C; (c) Bio-
char 600°C; (d) Biochar 800°C 
 
The morphology of raw cashew nut shell and its bio-
char (after pyrolysis) are shown in Fig. 1. Scanning 
electron microscopy observation shows some differ-
ences in size and shape of the particles.  
 
On the raw cashew nut shell is observed a coating 
which corresponds to the cashew nut shell liquid 
(CNSL) which is a major compound among the con-
stituents of the cashew nut shell; but after pyrolysis, 
the images (b,c and d) show an absence of the CNSL, 
which is due to its thermal decomposition under heat 
effect. All biochars have different shapes and sizes 
with the presence of porosity and the particles have 
quite varied dimensions.  
 
Fig.2. Influence of pyrolysis temperature on CO2 ad-
sorption by different biochars 
 
The Langmuir surface area of cashew nut shell bio-
chars was strongly affected by production tempera-
ture. The specific surface area of biochar pyrolyzed 
at 400°C reaches 151 m2/g, climbs to 250 m2/g at 
600°C and dramatically increases to 306 m2/g for the 
biochar produced at 800°C. The increased surface 
area suggests that micropores in biochar gradually 
developed with increased production temperature in 
400–800°C, which was also observed in previous 
studies [33]. 
 
For the three biochars produced at 400, 600 and 800°
C the micropore volumes are respectively 0.05, 0.09 
and 0.11cm3/g (table 2). 
The dramatic increase in surface area from 400°C to 
800°C was due to the decomposition of lignin and 
quick release of H2 and CH4, which generates signifi-
cant densities of micropores [34].  
 
 




Elemental composition VM (%) FC Ash (%) pH Biochar 
yield (%) 
  (°C) C (%) H (%) N (%)           
Cashew 
Nut Shell 
400 70.04 3.65 0.61 21.90 69.85 8.25 10.61 25.02 
Cashew 
Nut Shell 
400 83.51 2.06 0.59 14.08 77.39 8.53 9.83 23.13 
Cashew 
Nut Shell 
400 87.42 0.85 0.89 10.22 77.13 12.65 9.81 21.54 
VM: Volatile Matters 
FC: Fixed Carbon 
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3.2. OTA adsorption results 
3.2.1. Biochar production temperature effect on 
OTA adsorption 
With 1000 mg of each biochar in 5 mL of water-
methanol solution (w/w) containing OTA at 38 ng / 
mL; we observed a difference in OTA adsorption 
rates which was mainly related to the increase in the 
pyrolysis temperature. The adsorption rates for the 
biochars produced at 400, 600 and 800°C were re-
spectively as follows; 66.21%, 78.98% and 92.35%. 
The increase of biochar production temperature al-
lowed an increase in the OTA adsorption rate. 
Among the effects of the increase of pyrolysis tem-
perature on biochar properties; as mentioned above, 
we also obtained an increase of porosity; and the in-
crease of the porosity can be a favorable parameter 
for molecules adsorption.  
Fig.3. Production temperature effect on OTA adsorp-
tion on biochars 
 
3.2.2. Biochar mass effect on OTA adsorption 
The adsorption rates varied according biochar mass 
used; an increase in OTA adsorption rate was ob-
served with the increase of biochar mass. 
The adsorption rates vary with the type of biochar 
used (400,600 and 800°C). For the biochars produced 
at 400 and 800°C, the best adsorption rates are ob-
tained with 500 mg, so it’s not necessary to add more 
biochar.  
 
To avoid an ineffective overdose, it is therefore use-
ful to work with biochar mass ≤ 500 mg.  
To determine the adsorption capacities by saturating 
all the probable sites, we chose to work with 250 mg 
of biochar.  
Fig.4. Biochar mass effect on OTA adsorption 
 
3.2.3 pH effect on OTA adsorption 
The tests were carried out at pH 4.15, 6.54 and 9.05 
and the results showed a slight effect of the pH on 
OTA adsorption by the different biochars. The effect 
was mainly related to the biochar production temper-
atures. Biochars produced at 400 and 600°C appeared 
to be the most affected by the pH change.  In general, 
the best adsorption rates for all biochars were ob-
tained at pH 4.15 and pH 6.54.  
Fig.5. pH effect on OTA adsorption 
 
  Biochar 800°C Biochar 600°C Biochar 400°C 
BET surface area (m2/g) # 306 250 151 
Micropore volume (cm3/g) § 0,11 0,09 0,05 
Table 2. Porous characteristics of biochars  
#Langmuir theory; §Micropore volume determined at p/p0 0,028 
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3.2.4. Effect of contact-time on OTA adsorption  
The observation of contact-time effect showed two 
different forms. The first was fast and was in the first 
15 min, while the second was slow. They could ex-
press the equilibrium between biochar and OTA. The 
adsorption rates varied depending on the type of bio-
char used (400, 600 and 800°C). 
Most of the OTA was adsorbed by the different bio-
chars in the first 20 min and equilibrium was reached 
after 30 min of contact. 
Fig.6. Effect of contact-time on OTA adsorption 
 
3.3.5. Adsorption isotherms and kinetics  
OTA adsorption at different concentrations (35, 55, 
75 and 100 ng / mL) experimental data was fitted 
with the Langmuir and Freundlich isotherm models. 
It is assumed by Langmuir isotherm model that the 
adsorption process is monolayer, which means that 
no further adsorption occurred once adsorption took 
place on specific sites of the adsorbent. The relation-
ship is expressed as follows: 
 
   (1) 
 
Where qe is the equilibrium adsorption capacity (mg/
g), Ce represents the equilibrium concentration in so-
lution (mg/L), KL is the Langmuir constant (L/mg) 
and qm represents the maximum adsorption capacity 
of the adsorbent (mg/g). Experimental values of qm 
and KL are calculated from the slope and intercept of 




Fig.7. adsorption isotherms of OTA on cashew nut 
shell biochars (250 mg biochar in 5 mL solution of 
water-methanol solution (w/w)) 
 
On the other hand, the Freundlich model is an empiri-
cal expression, which assumed that a multilayer ad-
sorption occurs on the heterogeneous surface or sur-
face supporting sites of various affinities [35]. The 
equation is described as follows: 
 
 
Where KF and 1/n are the Freundlich constants which 
represent the adsorption capacity and adsorption 
strength, respectively. The magnitude of 1/n quanti-
fies the degree of heterogeneity of the adsorbent sur-
face and the favorability of adsorption [36]. KF and n 
can be obtained from the intercept and slope of the 
linear plot of ln qe versus ln ce. 
 
Table 3 presents the values of Langmuir and Freun-
dlich constants, extrapolated from the equations of 
these two models. By adjusting the experimental 
points on both models, and based on the values of the 
R2 coefficient, it appears that the Langmuir one ex-
presses better the adsorption type for all three bio-
chars (R2 = 0.98). Thus, the OTA molecules could be 
adsorbed in monolayers, without interactions be-
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The favorable nature of the adsorption can be ex-
pressed in terms of a dimensionless constant called 
the separation factor or equilibrium parameter (RL), 
which is defined by: 
    
 
 
The RL values indicate the isothermal type as being 
irreversible (RL = 0), favorable (0 <RL <1), linear (RL 
= 1) or unfavorable (RL> 1) 
The RL values are shown in Table 4: 
 
Table 4. Values of the dimensionless separation fac-
tor or the equilibrium parameter   
B400 = Biochar 400°C, B600 = Biochar 600°C, B800 = Biochar 800°C 
 
The values of RL for OTA adsorption on the three 
biochars (400,600 and 800°C) are less than 1 and 
very close to 0, which indicates a favorable adsorp-
tion (also the desorption tests have shown that OTA 
adsorption on biochars is irreversible). 
 
Pseudo-first-order constants were determined by ex-
trapolation of the Log (qe-qt) vs plot. t. The values of 
the adsorbed quantities qe, the pseudo-first order con-
stants k1 and the regression coefficients R
2 for the 
three biochars are given in Table 5. The values of R2 
were found relatively low and between 0.5079 and 0, 
9007. The calculation of qe for the three biochars 
shows that the amounts of OTA adsorbed are rather 
small compared to the experimental quantities. These 
observations lead us to say that the adsorption of the 
OTA did not follow the pseudo first order equation. 
The application of the pseudo-second-order kinetics 
model to the results obtained for the OTA adsorption 
allowed us to calculate the values of the adsorbed 
quantities qe, the pseudo-second-order constants k2 
and the regression coefficients R2 for the three bio-
chars used and the results are given in Table 5. In 
view of these results, it appears that the equilibrium 
adsorbed quantity increased with the increase of bio-
char production temperature. On the other hand, the 
R2 values are very high and far exceed those obtained 
with the pseudo-first order model. The amounts fixed 
at equilibrium qe are 0.15, 0.23, 0.82 ng / mg respec-
tively for the three biochars produced at 400, 600 and 
800°C and are very close to the values found experi-
mentally (Fig. 7).  
 
These last two observations lead us to assume that 
the adsorption process follows the pseudo-second-
order model. The plot of t/qt vs. t, for the three bio-
chars, allowed to determine, by extrapolation, the 
constants of the pseudo-second order, at different 
contact times.  
Table 3 Isotherm parameters for OTA adsorption on biochars issued from cashew nut shell 
Adsorbent Langmuir model Freundlich model 
  
Qmax (ng/mg) KL R
2 K 1/n R2 
Biochar 400°C 0.15 0.41 0.9826  0.75 0.042 0.8027 
Biochar 600°C 0.27 0.31 0.9883 0.75 0.028 0.5900 
Biochar 800°C 1.08 0.31 0.9868 0.60 0.10 0.2348 
Initial concentration 
(ng / mL) 
RL- B400 RL- B600 RL- B800 
35 0.063 0.083 0.084 
55 0.041 0.054 0.041 
75 0.030 0.040 0.031 
100 0.023 0.030  0.031 
Table 5. Kinetics parameters for OTA adsorption by cashew nut shell biochars (250 mg of each biochar in 5 mL 
of water-methanol solution (w/w)) with OTA at different concentrations 
Biochar Pseudo first order Pseudo second order 
  qe (ng/mg) K1 R
2 qe (ng/mg) K1 R
2 
400°C 0.06 0.1425 0.9007 0.15 1.225 0.9544 
600°C 0.06 0.0414 0.5079 0.23 1.237 0.9697 
800°C 0.03 0.0138 0.6777 0.82 1.446 0.9712 
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Desorption tests 
The desorption study permitted to observe the de-
tachment of OTA adsorbed on biochars. In order to 
evaluate the strength of OTA-Biochar bond, we ap-
plied two desorption tests. 
 
For the first test we used 5 mL of water/methanol 
solution (w/w) in a 50 mL flask containing 250 mg of 
dried biochar having been in contact with OTA at 35 
ng/mL under stirring for 45 min, then after 20 min of 
ultrasonic agitation the solution was filtered and ana-
lyzed by HPLC. In the second desorption test, the 
water-methanol solution was replaced by a 5 mL so-
lution of 10 mM TRIS-EDTA with 20% methanol, 
which is a fairly well-known OTA elution buffer and 
after stirring for 45 min, followed by 20 min of ultra-
sonic agitation the solution was filtered and analyzed 
by HPLC.  
 
The results obtained for all three biochars showed a 
desorption rate of 1% using water-methanol solution 
and a desorption rate of 4% with TRIS-EDTA, which 
shows the strength of  OTA-biochar binding; after 
OTA adsorption on biochar it was not possible to 




Biochars were produced from cashew nut shell at 
400, 600 and 800°C. The influence of pyrolysis tem-
peratures on the adsorption characteristics and mech-
anisms of ochratoxin A on cashew nut shell biochars 
were investigated. Biochars produced at higher tem-
peratures have higher specific surface areas, resulting 
in higher OTA adsorption capacities and faster ad-
sorption kinetics. 
 
The Langmuir model better expresses the type of ad-
sorption; OTA molecules are then adsorbed in mono-
layers on the biochar and the study of the influence of 
initial concentration on the kinetics has shown that 
the adsorption process follows the pseudo-second 
order model. The adsorption capacity of biochar mass 
increased with the increase of OTA initial concentra-
tion in the solution. 
In vivo application or field-scale applications of 
cashew nut shell biochars for ochratoxin A adsorp-
tion in soil or animal feed is suggested for future re-
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